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/ { _l 7 7? Introduction N

Ox)gon contamiﬁatlon is a potential protlem in the y of amorphous
metals because of the highly reactive nature of some of the constituent eiements
of metallic glasses and because of the proucessing techriques which are used to
produce this metastable state. Cxygen is Irecquently present already in thez
starting materials, e.g. rare earth elements or early transition ratals; furcher,
exvten present as an imourity in the gzaseous atmosphere mav be incorrorzted
during alloy preparation {(e.g. arc melting) or cduring the guench process
(especially during thermal evaporation or sputtering or during splat gu enchxﬁg
using the gun technique;. Since these materiais are generally stucgic< as thin
foils, furcher heat ctreatinz of the ameorphcus tietal can also lezdé o 2
Sant OXygen contzminarticn. Litrogen concczination may te a similar problex
under these circunscances, but this inmpurity was not studied at the preseant
tize,
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Effects of oxygen cn the formation of and/or the behavior

cf arorzhous
tetals have bean noted previcusly., In sputtering or vapor depcsitica, the
presence of oxvgen has been shown to enhance the Lo:mat-cn‘og an &umerghous s
ture freca unallcyed metals; for exampie, it has been shown*’® that a nicke

lire wien optinum ultra~high vacuum condizions are used while the inclusio

g3-eous impurities at a level of V.77 leads t2 an amorpncus ceposit with a

crystallizition tenperatury cf ~S0 K. Qther films of amcrphcus Ni' have been

reported to crystailize at nuch higher tempe:a vres, e.g. 330 K, 5 undoubredly

due to hizher levels of concamination by, at least in part, cxvgen.

1
deposited by electron-beam evaporation onto a substrate held at 4 K is cryst

T
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( ) D.E./&olk;+ C.E./Dube and B.C./Giessen+. '

Cxygen
contaninatien can also readily stabilize the anmorphous phase in Films orepaTed = g
by sputtering from a high purisv nickel target.” Turther, a noncrystalliz 3
struct:re was observed in thin, electron transparent regions of niczel foils e ?
: producud by gun-technique splac guenching of initially unalloved nickel crto o < S
; TC:T temperature substrate;” the high Tg = 425 K of this material was attributec J& 'gr";
. - - $ e : ? o
> to o3 3en coatamination. ol ‘§.§!
i ot
“%‘ % It is clear that the presence of oxygen in amorphous metals can also a:’fect‘g BT
! o the crystalline phases which form on crystallization as well as the thermal E 3 éf i
; statilfty ~f the alloy. It has been observed, for evample, that a new crystal- A E .
(W) line phase (n carbide, WiFe,C type) formed upon heat treating of amornhous Ti-Ze g s ? <
::ﬂ alioys ¢a a calorimeter® and is found in a_Ti-Be-0 alloy due to its stadilizatiucd PN
. by the presence cf oxygen and/or nitrogen.’ . I
{ Ly -
- In this study, oxyzen has been added to three binary inter-transiticn goetal
, Es alloys alrcidy knowm to form a glass uPon rapid liquid qu;nchi ~
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. oxygen upon the glass forming ability, the glass transition behavior, the duc- ~ 1
) tility of the glasses and their crystallizaction products has been characterized.

b
. .

Experimental

Alloys were prepared by melting together the pure metals and, ﬁor oxygen
containing alloys, pressed pellets of copper oxide powder amnd nickel oxide pow-
der (86 w/o Cu and 75.2 w/o Ni1; Alfa Products, Ventron Corporation) in an
src-celting furnace. 2Zr,:qCu.so, Nb coNi,s¢ and Tl gs7N1, 333 were selected as
the basic binary alloy compositions to be studied; oxygen additions to these
alloys were then nade such that the metal ratio was kept constant. Alloys were
not analyzed chemically after melting; indicated compositions are those calcu-
lated from the initial weights of the components. Rapid liquid quenching was
accooplished using an arc-melting hammer and anvil apparatus and also, for the
2r-Cu-0 alloys, melt spinning from a fused silica crucible onto the inside of a ‘
rotating cup. Standard X-ray diffractometer procedures with filtered Cukz radia- ;
tion were used for structural characterizations. A Perkin-Elmer DSC2Z (with
99.996% argon gas as protective atmosphere) was used for all thermal treatments;
data was recorded on a two pen recorder so that the DSC2 output could be gathered
at two different sensitivities.

Results and Discussion

Data on glass formation and thermal stability for the alloys which were
studied are given in Table 1.

Conpositions which form a glass.

For the Zr.so-x/2Cu.s5p-x/20x alloys, glasses were obtained with up to
8 a/o oxygen by using the arc-melting quench unit; actempts to obtain the zmor-
phous phase for alloys containing > 10 a/o oxygen were unsuccessiul. Results of
the hamer-and-anvil quench process were not fully reproducible from splat to
splat; some splats have a higher vield of metallic glass than others since the H
foil thickness and hence quench rate can vary frcm splat to splat. This obser-
vation can be used to qualitatively judge the relative glass forming ability cf
different alloys by quenching each composition several times and comparing the
results. While binary Zr sqCu,sy forms a glass readily upon arc quenching, 1t ]
vas found that the addition of oxygen progressively reduces the glass forming
ability so that alloys containing 8 a/o and, to a lesser extent, 6 a/o oxygen
could be made amorphous oniy with great difficulty.

2r.5¢Cu.sg could be readily melt spun to a glass in vacuum. However, alil
2r,s0-x/2Cu, s0-x/20x alloys, even with only 1 a/o oxygen, were partially crysctal-
line when melt spun under similar conditions. Ribbons frem allecys of low oxygen
content appeared amorphous on the substrate side but were partly crvstalline on
the top surface; they exhibited a crystalline pattern superimpcsed on a broad
acorphous peak. This is consistent with our experience that the arc-melting
harmer-and-anvil quench method produces higher quench rates than we could achieve
by celt spinning. The results from melt spinning are discussed further in the
section on crystalline pnases.

For Nb.sg-x/2Ni.50-x/20x, a glass was obtained upon quenching in the
arc-melcting unit with 2.9 and 5.7 a/o oxygen; alloys containing > 8.6 a/o oxygzen
could not be made fully amarphous.

Ti,667N¥1,333 could be quenched to a fully amorphous condition in the
arc-melting unit. However, repeated attempts to produce fully amorphous T{-Ni-O .
samples containing even only 1 or 2 a/o oxygen by this method were unsuccessful. X




Thermal behavior by calorimetry: T, and Tc.

Fig. 1 illustrates the DSC2 thermograms obtained for the amorphous Zr-Cu-0
samples. Data in Fig. 1 was gathered from samples weighing 9 mg at a heating
rate of 80 K/min; one pen, having a full-scale deflection sensitivity of
S mcal/sec,was appropriate for investigating the glass transition for the
selected mole fraction and heating rate and the 50 ncal /sec sensitivity of the
other pen was selected so that the full crystallization exotherm could be

observed.

It can be seen In Fig. 1 that the Zr_ sqoCu,sg alloy, as observed previ-
ously,"’ exhibits a well defined thermal manifestation of the glass transition,
i{.e. a AC,, and that the specific heat has "levelled off" at the hizher value’
associated with the undercooled liquid.‘° The value of LCP observed for
2r_ scCu, so, 4.6 cal/mole K, is typical of that measured for other metallic
glasses where the "levelling off" is seen. The addition of 2 a/o oxvgen raises
Tg by 21 X though crystallization now beings sooner, relative to Tg, than in the
oxygen free alloy so that the "levelling oif" of Cp at the higher value is
therefore not observed. It appears that, with increasing oxygen content, Ig
poves to higher temperatures faster than T¢, i.e. (T¢ - Tg) decreases, sucn that
only part of the iACp is seen for the 4 a/o oxygzen alloy and no iCp is seen for
the 6 and 8 a/o oxygen glasses. In general, a iAC, may or may not be seen fcr
any given oxygen free amorphous metal since (T - Tg) varies as the composition

varies.

It had been noted previouslyll that metallic glasses can be prepared more
readily by rapid liquid quenching, i.e. with lower quench rates, as their ,
(Tc - T,) increases. Since the atomic mobility increases rapidly for T > Tg,’z
alloys of higher (T, - Tg) possess relatively higher atcmic cobilities tefore
crystallization occurs; the higher resistance to crystallizarion near the glass
transition temperature thus appears to extend throughcut the entire tecperature
range corresponding to the undercooled liquid. Thus, the fact that (T, - Tg) of
the present alloys decreases as the oxygen content increases is consistent with
the finding noted in the previous section that the ease of glass formation
decreases as oxygen is added.

At temperatures preceding any glass transition and crystallizaticn effects,
all of the samples are seen to exhibit a broad exothermic "relaxation" effect
over a temperature interval of about 200 K; this effect was previously noted for
Pd-Si alloys13 and for Zr-Cu alloys.3 In Tig. 1, compariscn of the amzcrphous
Curves with the curves taken for the samples after crystallization makes this
effect apparent.

The crystallization exotherm is seen to broaden significantly at oxygen
contents above 2 a/o. As mentioned, the onset temperature woves to higher
texperatures as the oxygen content increases with a maximum increase of T of
~40 K at 6 a/o oxygen before it decreases for the 8 a/o oxygen alloy.

‘for the interpretation of the present results it is of major importance to
decide whether or not: (1) the oxygen was in fact uniformly distributed thrcugh-
out the amorphous phase and (2) the composition of the glass was as calculated
from the initial components, e.g. whether or not oxygen was lost during neiting.

As to the first point, the strongest argument that the oxygen is dissolved
uniformly (on a microscopic scale) is the marked and smooth change in the glass
transition behavior as a function of the nominal oxygen content (Fig. 1). Ve
base an argument for local homogeneity on the reproducibility and compositicnal
?ependence of the thermal features for binary 2r-Cu glasses. We have found the
'shape" of the glass transition for 2r s59Cu,s5o, determined by the relative
temperatures of Tg and the onset of crystallization, to be quite reproducible




for alloys of this composition which were prepared, quenched and characterized
on different occasions, using both the arc-quench method and melt spinning.
Further, the 'shape" of the glass transition is relat.vely constant in the
vicinity of Zr,soCu.so as the ratio of 2r to Cu is changed.? Thus, the observed
changes in the glass transition behavior can not be due, e.g., to the segregation
of the oxygen into more zirconium rich regions, leaving behind the bulk of the
paterial as a glass richer in copper than the Zr,:oCu.sp alloy.

As to the second point, the weight losses occurring upon preparation of the
alloys containing oxygen in the arc-melting furnace were typical of the less than
1 w/o loss -experienced for nominally oxygen-iree alloys. Further, after crystai-
lization the amorphous alloys from the initial pellets containing oxyzen contained
significant amounts of phases which were different from those found for the
ncainally pure alloys and which are known to be stabilized by oxvgen; this is
discussed in more detail in the subsequent section on crystal phases.

Finally, the data are found to be internally comnsistent with good repro-~
ducibility. Different splats of nominally the same ccmposition generally nad 1
T.'s within £ 5 K (presumably due to compositioral fluctuations between the
A50 wg alloy pieces chipped from the master alloy and then used for arc-quenching)
of the average value and had similar glass transition behavior, i.e. the '"shape"
of the Cp change or the absence of such a change.

To values for Nb-Ni alloys are given in Table 1. Upon scanning amorphcus
Xb, gcNi 5o at 80 X/min, no crystallization exotherm was cbserved below 1200 X,
the tezperature limit of the DSC2. Upon scanning at 10 K/a2in, however, a
crystallization exotherm was observed; accordingly, the Nb-Ni~0 glasses were zlso
run at a heating rate of 10 X/min. For the oxygen-containing alloys, a second
peak appeared at lower temperatures; i.e. in contrast to the Zr-Cu alloys, the
presenze of oxygen caused c¢rystallization to occur at a lower temperature. Iae
first peak accounted for 387 of the heat of crystallization in the alloy with
2,9 a/o oxygen and V477 of the heat of crystallization in the alloy with 5.7 a/o
oxygen. For a scan rate of 10 K/min and the available amount of sample, it was
not possible to determine the Cp behavior of these alloys irmmediately before
crystallization in detail.

Heating rate dependence of crvstallization and isothermal annealing.

A more detailed comparisen of the crystallization behavior of the binary

Zr scCu, gy glass and a ternary Zr-Cu-0 glass was desired. For such s:zudies,
celt-spun ribbons would be desirable in order to avoid any small variaticns
possible between nominally identical glasses prepared by arc quenchirng; this is
necessary since experiments for the determination of the activaticn energy Ior
erystallization involve only small changes in the crystallization temperature.
However, the inability to produce fully amorphous melt-spun Zr-Cu-0 ribbkons 4
hazpered this comparison.

Portions of an amorphous 2r_ s,Cu_se ribbon were scanned at heating rates *
of 10 K/oin to 160 K/min; the qualitative features of the crvstallization exo-
therm did not change. The crystallization temperatures obtained in these runs ‘
are given in Table 1. In order to determine the activation energy for crystal-
lization LE., ¢n T,/a vs. 1/Tp was plotted;'" however, rather than a straisht
line, a "smooth”, curved line was obtained. The tangent to the portion of the
curve obtained at low heating rates (10 to 20 K/min) resulted in a value of
LEc = 96 Kcal/zole and that for high heating rates (S0 to 160 K/min) gave
AEc » 75 Kcal/mole. Because the sample may not track the indicated temperatures
at the high rates exactly and because of the results of isothermal annealing
;xper:ments given below, the value derived from the lower heating rates is pre-
erred.




Isothermal runs, where the rate of evolution of heat as a function of time
vas measured, were also conducted. As illustrated in Fig. 2, a single peak was
observed for Zr soCu,sq. Isothermal data were recorded from 690 K to 715 K at
intervals of 5 K. A plot of fn(time) (both for times corresponding to the maxi-
pun rate of heat evolution and for times corresponding to 1/5 of this maxiowunm
gate) vs. /T gave a straight line with a slope corresponding to a
AE; = 97 Kcal/mole for both stages of crystallization, in good agreement with the
value quoted above determined from variation of the heating rate.

Since data for oxygen-containing alloys had to be obtained from splats,
only the heating rate variation method (which can be done with smaller amounts of
sample so that one splat can be used for several runs) was practical, given tha
small variations between splats of nominally identical composition. Sections af
one splat of amorphous 2r +qCu_ .90, g2 were run at different heating rates. As
for Zr soCu,.sg, the shape of the crystallization exotherm was unchanged by changes
in the heating rate though the exotherms for the 2 a/o oxygen alloy have a dis-
tinct shoulder on the low temperature side, unlike that for 2r.soCu.ss. The
BDEe = 95 Kcal/mole calculated from the variation of Tp for the 2 a/o oxygen
glass is essentially identical to that found for Zr,sq;Cu,ss though this JEc valice
1s associated with the main peak; the shoulder mayv be due to the formation of the
n phase (see below) which may have a different AE..

In contrast to the thermal scans, the 2 a/o oxygen alloy behaves markedly
different from the Zr s¢Cu,s¢ alloy upon isothermal annealing. Fig. 2 also
fllustrates the thermogram from a 2 a/o oxvgen foil annealed at 700 X; while
some variation between different samples was observed, these thermcgrams generally
show two peaks. X(-ray diffraction measurements of a sample after the first peax
show the first peak to be associated with A207% of the sample forming a micro-
crystalline n phase (W3FeiC type) (see below). The second peak corresponds to the
erystallization of the remaining amorphous phase to %-ZrCu.

The difference in the crystallization behavior of the binary and ternary
alloys, including the formation of the nphase (W3Fe3C type) which is often
stabilized by the presence of oxygen,'® is a further indication that the oxygen
has remained in solution in the alloy.

Crystalline phases.

For Zr,soCu,so, the a-ZrCu phase is found both in the as-cast alloy and
after the DSC scan of the initially amorphous sampie. ~For 2r-Cu~0 sazples,
both 0-ZrCu and an n phase (WiFe3C type) form in the single exotherm scen in the
DSC scan with, as expected, the relative proportion of the n phase increasing as
the oxygen content increases.

After crystallization during the DSC scan, the Nb.ssNi.sgo alloy did not
have the hexagonal . phase structure expected from the phase diagram"’5 and pre-
sent in the alloy before quenching. Instead a more complex XRD pattern was
found, the principal lines of which (in the forward reflection region) could be
tentatively indexed with an orthorhombic unit cell corresponding to the M phase
type found as an equilibrium phase in the Nb-Ni-Al system'® and other ternary
Nb-Ni alloys.!? The M phase had earlier been observed in an isothermally gy
annealed, splat cooled ¥b-Ni glass.'® TFurther annealing tests would be required
to determine whether the observed M phase is a metastable binary phase or whether
ft was being stabilized by unknown low-level impurities. In any case, the effect
of oxygen additions at levels of > 2 at.pct. is different: for both Nb~Ni allews
wvhich {nitfally contain oxygen, the low temperature exotherm was associated with
the formation of a ternary phase, reported eariier as an equilibrium p‘nase,"‘3
that has the n phase (W:FesC type) structure and coexists with the remaining
anorphous phase; the second exotherm is due to the crystallization of the remain-
ing amorphous material to the M-phase. The relative azounts of n and the amor=~




phous phases indicate that, 1f the oxygen is totally concentrated in the n phase
of equal Nb and Ni content, the n phase would have a composition near Nbj3liii04
"tCh x '\'oo 50

This crystallization behavior of the Yb-Ni-0 alloys {s similar to the
ewo~step crystallization of Zr 4sCu, 490,92 upon isothermal annealing which was
discussed previously. Thus, in both systems, segregation takes place during
crystallization, with oxygen migrating from the glass to form a metal-rich,
oxygen stabilized ternary phase.

As confirmed in this study where Ti.gs7Ni.333 was arc-quenched into a fully
amorphous foil, it had been noted previously“* that a glass could be made at the
composgition of the intermetallic phase TiNi. This equilibrium compound has a
s:tucturezx which is closely related to the W,Fe,(l structure discussed above. For
Ti-Ni alloys, however, oxygen additions even as low as 1 a/o resulted in splats
vhich were partly crystalline, suggesting oxygzen segregzation during the process-
ing, apparently due to additional stabilization of this phase by oxygen.

Fig. 3 shows the diffraction pattern obtained from the crystallized
2r.49Cu, 450,92 foils superimposed on the broad first peak characteristic of the
glass. The two main peaks at ~37° and "40° are frcm u-ZrCu (thouzh the inten-
sity of the peak at ~37° would be relatively higher in a non-textured sample);
the peak between them is at the position of the main peak of the = phase (W,Fe,C
type) in the Zr~-Cu-0 alloys; while there is overlap with a peax from “-ZrCu and
possibly B-ZrCu  at the same location, it may indicate the presence of the n
phase even in the 2 a/o oxygen alloy.

In general, the major diffraction peaks for any intermetallic phase having
8 composition near that of the glass, as well as the first reflection of a hypc-
thetical fcc or bce structure of appropriase atomic wvolume, occur near the center
of the broad peak. As seen in Fig. 3, this is the case for a fcec Zr,s)Cu, 53
structure which maintains the elemental atomic volumes; it is also the case for
the a~-ZrCu and the closely related ZrsCuig structure as well as the oxygen sta-
bilized n phase which has been found here in the ternary system.

In contrast, the major peaks of the Zr0O, phases are found at much larger
d values and lower 23, as indicated in Fiz. 3. The peak seen at 2% of A28° in
the crystalline pattern from Zr,49Cu.490.02 is in fact due to monoclinic Zro:.
The atmosphere in the DSC2 was not sufficiently clean to prevent some oxidation
of the sample during the runs, and scme "blackening” of the surface is generally
visible to the eye. After leonger annealing times and/or hizher temperatures,
the Zr0O; lines become more intense, including the welil definel, second most
intense reflection of monoclinic Zr0; and a reflection from tetragonal 2rO:.
In each case, these lines ascribed to Zr0, disappear upon a light polishing of
the surface of the annealed sample.

an
-~

In analogy with other inorganic oxide glass systems (e.g. the SiOa:system™*)
it 1s expected that the broad first peak of an amorphous phase having short rangs
order similar to that in monoclinic Zr0, would occcur at about 28°. This state-
odent is of interest since broad peaks at about this location nave been observeag
in previous studies of Zr-Cu alloys.“?’" In a transmission electron microscepy
study“® of foils heat treated so as to initiate crystallization, regions within
the foil which were associated with a broad halo at k values corresponding
approximactely to the crystalline peak of Zr0: mentioned above were found. This
phase was labelled the "transformed amorphcus phase" and was generally found at
the boundary between growing crystals and the amorphous matrix.-® 1In view of
the small relative difference in thc scattering powers of Zr and the Cu, it is
not considered possible that an amorphous (or crystalline) structure based only
on Cu and Zr would have significant values of the interierence function (or
structure factor) at the observed low k values, i.e. that {t would have a lale

ittt i e .



at such a low angel. Even amorphous pure Zr would presumably have a broad peak
centered at an angle not lower tham 34°. Thus, it is suggested that the "trans-
formed amorphous' material is likely to be rich in oxygen, formed either by the
expulsion of oxygen from crystallizing regions or by contamination during anneal-

ing.

A pattern similar to the "transformed amorphous"” pattern with a broad inner
balo has also been observed in thermally evaporated amorphous Zr_ .sCu_ gq but rot
in sputtered amorphous Zr.uoCu,so.Z“ This is presumably due to a relatively
high level of oxygen contamination in the thermally evaporated sample.

The extent of the conditions under which this (presumably) amorphous
2r0;-1like phase will form is not clear. It had been hoped that such a peak
would be seen in our as-prepared or annealed Zr-Cu-0 allovs, but the so-far
limited studies of these alloys generally produced either an oxygen-stabilized
n phase internally or crystalline Zr0O; phases on the surface. Possibly, higher
oxygen contents are necessary in an internal region to produce the amorphcus
2rx0;-11ike phase.

As noted previously, the Zr3iCu30x phase (n phase, WiFeiC type) was fourd
by X-ray diffraction measurements on the top surface of some melt spun Zr-Cu-9
ribbons. However, in other melt spun ribbons of 1, 2 and 4 a/o oxygen, a diifer-
ent, unidentified phase was observed; the reason for this difference is not known.
Similar patterns and variability were observed for partly crystalline Zr-Cu-0
splats.

Ductilitv.

It is known that many of the metallic glasses produced by rapid liquid
quenching are very ductile, i.e. that they will deform plastically on cending
and that foils can even be bent back sharplv to form a V-shape without fracturinz.
This is also true of the binary Z2r-Cu, Ti-Ni and ¥b-Ni glasses which were pre-
pared in this study. However, it is also known that other amorphous metals do
not share this feature and that embrittlerment can be caused by annealing, e.g.
Ref. 25, while the material appears to remain amorphous. The cause of this
brittleness remains a point of controversy.

This study demonstrates clearly that the inclusion of oxygen into the
amorphous T-T alloys which were studied enhances brittleness, with increasing
O contents causing increasing brittleness. Some amorpnous Zr-Cu sazples with
2 a/o oxygen were partly brictie; the 4 a/o oxvgen allovs were generally partl:
brittie; amorphous alloys with 6 and 8 a/o oxygen were always brittle, i.e. they
would fracture readily on bending with no plastic deformation, and they could not
be sheared with scissors. However, it is not yet known if this is an intrinmsic
property of a homogeneous alloy, i.e. one in which the oxygen is fully dissoived,
or whether it is due to the presence of a minute amount of oxyvgen-induced preci-
pitates; transmission electron microscopy would be required to resclve this point.

‘Since the ductility of the 2r,ugCu,490.92 alloy varied somewhat from splat %o
splat, presumably because of a different temperature-time history for each, ther-
mal annealing studies of this alloy were of interest to study this embriz:lement.
However, this study was hampered by the inability to spin oxygen-contain-ng Zr-Cu
alloys to a fully amorphous state to give initially identical samples £:. anneal-
ing studies. Linited studies on splats were therefore made which are tnus far
inconclusive. Annealing at 700 K for a time corresponding to the first peak in
Fig. 2, {.e. corresponding to the formation of a fine-crystalline n phase en-
bedded in the amorphous matrix, produced a very brittle sample; however, anneal-
ing for only 5 min at this temperature did not cause embrittlement. Further
studies will be necessary to determine whether or not embrittlement can be in-
duced before the fine, oxygen content induced precipitates are apparent to a XRD.




It is noted that a sputtered amorphous Zr-Cu film, nominally 50 a/o Zr,
is also very brittle.’® Whether or not this is due to the presence of gaseous
impurities is not yet known.

While no detailed study of the ductility of the Nb-Ni~O glasses was made,
the as-prepared glasses were also found to be partly brittle.

Comments on the o'- ervation of Tg.

To unambiguously determine whether or not a given amorphous metal displays
a glass transition, one must balance the sample size, scanning rate and DSC
sensitivity to give a sufficiently large deflection fecr the ACP. The task of
deter=zining ACp is made more complex by the curvature which is generalily present
fn the baseline of the instrument, the "relaxation' which often occurs in the
region preceding crystallization, and the need to be sure of the location of the
baseline which can shift from run to run due to different thermal configurations
of the sample pan and the platinum sample pan cover of the DSC2. For exampie,
the thermogram for the Zr.s7Cu.470.0s glass, taken at high sensitivity, qualita-
tively appears to show a glass transition; however, a careful comparison to the
DSC trace for the crystallized material shows that the observed curvature is due
prizarily to the end of the relaxation effect. Further, any endothermic rise in
Cy, should be quantized in order to assist in assessing whether or not the "full"
;Ep is likely to have been observed and thus whether or not the Tg measured from
such a trace is in fact accurate.

Because of the high thermal stability of Nb,s¢Ni.so, it could not be deter-
sined with the DSC2 whether or not this alloy exhibits a glass transition. How-
ever, Nb, 4 oNi, g9 was found to exhibit the characteristic relaxation (maxioum
depth of V1.7 cal/mole K) followed by a rise of 1.1 cal/mole K above the crvst
line specific heat, when heated at 80 K/min, althougzh without anv indicatiens o
8 "levelling off'. Thus, a glass transition can be seen to begin in amarphrcus
No,.qNi g¢ although the onset of crystallization occurs before the full .Cp is
achieved.

The sputtered amorphous Zr-Cu behaves similarly26 to the liquid-quenched
¥b,4oNi gg. Thus, a relaxation is observed, follcwed by a ~1.3 cal/mole K cise
above the crystalline value and then crystallization with a To = 738 K and
Tp = 769 K for a 80 K/min scan. (A careful comparison with Te for a liquid
quenched alloy of the same Zr-Cu compusition must await an accurate compositional
analysis of the sputtered sample.) Since all liquid quenched alleys in zhis
broad compositional region show a well-defined T,, one might speculate that
gaseous irpurities in the sputtered film may preciude the ctservaticn of the full
glass transition. From Fig. 1, it can be seen that about 4 a/o oxygen would pro-
duce such behavior in a2’ 1liquid quenched amorphous Zr,s5oCu,:g.
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Table 1, Thermal Characteristics of Amorphous Sacples

Alloy Composition Heating Rate ch K Tp* K Comments
. K/min . ’
Zr 50,50 80 735 742 Th=681
(2r 55Cu 50).980.02 80 754+ 760 T8=702
(Zr 500 507 .969.04 80 764 m
(Zr 55Cu 507 .949.06 80 767 781
(Zr 5qCu 507,929, 08 80 761 771,790
“b.soNi 50 10 961 973
M 5oN1 507 .971°.029 10 915,956 926,972
(“b.so 1 507.9430.057 10 911,956 920,972
N oM 60 10 918,0947,0964 928,958,981
" 80 950,985 962, -
“Zr 50C8. 50 80 758 " 769 sputtered2?
Zr_50%.50 10 722.0 726.0  melt spun
" 20 728.5 733.5 "

" " 40 - 736.0 741.0 "
" 80 745.5 750.5
" 160 © 754.0 760.5

* Tg and T, are defined as the onset terperatures obtained from the intersections

of the extrapolated curve preceding crystallizaticn and the steepest tangent tc

the ACy and the exotherm, respectively. Tp is the temperature ct which the
erystallization exotherm reaches its maxicum.

* the "shoulder" for this alloy has a Tc=749 K.
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Figure 1. Thermograms measured with a Perkin Elmer DSC2 at 80 K/min for 9 mg
sacples of Zr-Cu-0 amorphous metals. The lower set of traces shows the specific
heat behavior preceding crystallization; the upper set of traces, recorded at
1/5 of the sensitivity of the lower set, shows the full crystallization exotheraz.
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FTigure 2. DSC thermograms showing rate of heat evoluticn as a function of time
for indicated samples when annealed at 700 K (displaced zeros). Very small
reak at ~2 minutes for the xmelt spun ribben is reprocucible and way be due

to trace amounts of oxygen in this nominally cxygen-free alloy.
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Figure 3. X-Ray diffraction patterns (CuKa radiation) for various phases. The

szooth curve is the first broad peak of the pattern obtained from 2r .,Cu
The crystallire trace is from a crystallized foil of Zr ‘.9Cu 490 02 which’
contains primarily the a-ZrCu phase. ) ) T
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